Introduction {#section0005}
============

Bacteriophage lambda is a member of the *Siphoviridae*, and has the ability to transduce mammalian cells, both *in vitro* and *in vivo* ([@bib13], [@bib20], [@bib23], [@bib35], [@bib36], [@bib38], [@bib70]). However, this process is highly inefficient --- presumably because phage lambda is a bacterial virus that has not undergone the evolutionary adaptation necessary for efficient transduction of mammalian cells.

Our laboratory is interested in using phage lambda as a novel gene transfer vector for applications in vaccination and gene delivery, because of its favorable safety profile (compared with mammalian virus vectors), and the ease and scalability of vector production. Previous studies have shown that lambda phage-mediated gene transfer in mammalian cells can be improved by the surface display of motifs functioning in receptor targeting or nuclear localization ([@bib18], [@bib20], [@bib21], [@bib35], [@bib69], [@bib70]). These findings prompted us to conduct experiments to identify intracellular pathways that may be rate limiting for lambda-mediated gene transduction, focusing on the endocytotic entry pathway and the potential role of cellular degradative pathways in limiting the efficiency of phage-mediated gene transfer in mammalian cells.

Many animal viruses enter the cell through the endo-lysosomal pathway and have adopted different mechanisms to escape the endosome or lysosome to enter the cellular cytosol and, if necessary, travel to the nucleus for gene expression ([@bib1], [@bib2], [@bib7], [@bib10], [@bib33], [@bib44], [@bib49], [@bib51], [@bib56], [@bib63]). Some viruses escape from the early endosome ([@bib22]), while others require the acidic environment of the late endosome ([@bib33], [@bib63]) or protease activity in the lysosome as facilitators for cytoplasmic entry and/or uncoating ([@bib1], [@bib2], [@bib10]). With this in mind, we used endosomotropic drugs (including bafilomycinA1, omeprazole and chloroquine) to examine the role of the endosome in phage-mediated gene transfer in mammalian cells. Experiments with additional pharmacologic agents were also performed to determine whether lysosomal proteases or other host degradative machinery (i.e., the proteasome) might contribute to the inefficient transduction of mammalian cells by lambda phage vectors.

Our studies revealed that exposure of cells to proteasomal inhibitors, or to inhibitors of the major lysosomal proteases (cathepsins B and L) resulted in strong enhancement of phage-mediated gene transfer. Thus, the proteasome, in combination with lysosomal proteases, may act as a primary defense mechanism that protects mammalian cells from transduction by phage vectors. By selectively antagonizing these defenses, the efficiency of phage-mediated gene transfer can be significantly increased.

Results {#section0010}
=======

Proteasome inhibitors enhanced lambda-mediated gene transfer {#section0015}
------------------------------------------------------------

The proteasome plays an integral part in the functioning of the cell, and regulates protein degradation ([@bib57], [@bib64]), cell cycle progression ([@bib59], [@bib60]), and receptor signaling ([@bib8], [@bib60]). The proteasome can also play an important role in virus infection. Proteasomal activity has been shown to enhance the efficiency of infection by several viruses, including both minute virus of mice (MWM) and reoviruses ([@bib12], [@bib47]). At the same time, other viruses such as adeno-associated virus (AAV) appear to undergo ubiquitination and degradation by the proteasome ([@bib67]). Thus, transgene expression by AAV vectors can be significantly enhanced in the presence of proteasome inhibitors ([@bib29], [@bib68]).

To analyze the function of the proteasome in phage-mediated gene transfer, HEK 293A cells and COS-7 cells were incubated with luciferase encoding phage particles, in the presence or absence of three different pharmacologic inhibitors of proteasome activity (lactacystin, bortezomib and MG132). Lactacystin is an irreversible inhibitor of the 20S-proteasome, while bortezomib and MG132 are reversible inhibitors of the 26S-proteasome complex. For these experiments, we used both wild-type phage particles bearing the native lambda phage coat protein (WT-gpD) as well as modified particles that displayed a PEST-like motif at high density on their surface (Tpell-gpD). The latter phage were generated by producing genetically gpD-deficient lambda phage particles in *E. coli* host cells that expressed a recombinant derivative of gpD, fused to a truncated PEST-like motif derived from seeligeriolysin O, a cholesterol-dependent cytolysin of *Listeria seeligeri* ([@bib26], [@bib27]), using previously described methods ([@bib69]).

PEST motifs are rich in proline (P), glutamic acid (D), aspartic acid (E) and serine (S) or threonine (T) residues and serve to direct proteins for proteasomal degradation ([@bib45]). We therefore expected that the PEST motif used in our experiments (RSESPAETPESPPATPK; designated hereafter as "Tpell") might cause phage particles bearing this element to become targeted to proteasomes. To test this prediction, we compared gene transfer efficiency in 293 cells by phage particles bearing the Tpell-modified gpD coat protein, to that of phage particles bearing the wild-type (unmodified) coat protein, both in the presence and absence of pharmacologic inhibitors of the proteasome. The results are shown in [Fig. 1](#fig1){ref-type="fig"} .Fig. 1Proteasome inhibitors enhance phage-mediated gene transfer in 293 cells. Luciferase-encoding lambda phage particles were generated, displaying either a wild-type major coat protein, gpD (WT) or a recombinant form of gpD, bearing a PEST motif (SPAETPESPPATPK; phage particles displaying this peptide are hereafter designated "Tpell"). Phage particles were then added to 293 cells at a multiplicity of infection (MOI) of 1 × 10^6^, and cells were incubated in the presence of the proteasome inhibitors, lactacystin (3 µM), bortezomib (10 nM) or MG132 (1 µM). 16 h later, the cells were washed, and the culture medium was replaced with medium that did not contain proteasome inhibitors. 48 h following addition of phage, the cells were harvested and lysed, and luciferase activity was measured. Exposure of cells to the various proteasome inhibitors resulted in an increase in phage-mediated luciferase gene expression. This result achieved statistical significance for both WT and Tpell phage, indicated by the asterisk, in the case of MG132 (one way ANOVA; *p* value \< 0.05, when comparing MG132 treated cells to the untreated control cells); a strong trend is also apparent for lactacystin and bortezomib.

The efficiency of gene transfer by phage particles bearing either the wild-type or the Tpell-modified coat protein was strongly enhanced in the presence of the proteasome inhibitors ([Fig. 1](#fig1){ref-type="fig"}). All three proteasomal inhibitors enhanced gene transfer from wild type and Tpell modified particles in HEK 293A cells. MG132 showed had the strongest effect on phage-mediated luciferase expression (enhancing it by 5--10 fold). A similar trend was observed in cells treated with lactacystin and bortezomib. The data in [Fig. 1](#fig1){ref-type="fig"}, [Fig. 3](#fig3){ref-type="fig"} also show that: (i) 293 cells were roughly 2 to 4-fold more susceptible to phage-mediated gene transfer than COS cells, and (ii) transduction with Tpell phage resulted in approximately 10-fold higher levels of luciferase expression in both 293 and COS cells, when compared to WT phage ([Fig. 1](#fig1){ref-type="fig"}, [Fig. 3](#fig3){ref-type="fig"}).

The latter result was somewhat unexpected, in light of the fact that proteasome inhibition led to a robust increase in phage-mediated gene transfer. We therefore conducted experiments to determine whether the presence of an intact PEST motif is in fact necessary for enhancement of phage-mediated gene transfer by the Tpell phage. To do this, we developed plasmid expression constructs that encoded the major lambda phage coat protein, gpD, fused to either wild-type "Tpell" ("Tpell") or to a mutated derivative of "Tpell" in which the two serine residues were substituted by alanines ("Tpell-SA"), thereby eliminating the PEST element in Tpell. We then generated luciferase-encoding phage particles displaying each of these peptides on their surface, and used them to transduce 293 cells. Analysis of luciferase expression in cell lysates revealed that phage-mediated gene transfer efficiency in 293 cells was in fact enhanced by surface display of the mutated, non-functional PEST motif ("Tpell-SA") ([Fig. 2](#fig2){ref-type="fig"} ). Thus, the PEST motif is not required for the enhanced cell-transduction phenotype of the Tpell phage.Fig. 2Enhanced gene transfer efficiency by Tpell phage does not depend on the presence of a functional PEST motif. Luciferase encoding phage particles displaying either a wild-type gpD protein (WT), a Tpell motif (Tpell) or a Tpell motif containing a mutated, non-functional PEST consensus element (Tpell-SA) were generated, and used to transduce 293 cells. Cells were exposed to luciferase-encoding phage particles at a MOI of 1 × 10^6^. 48 h following addition of phage, the cells were harvested and lysed, and luciferase activity was measured. Exposure of cells to the Tpell-SA phage resulted in an enhanced efficiency of phage-mediated luciferase gene expression, when compared to Tpell phage (the asterisk denotes *p* \< 0.05, when compared to cells exposed to Tpell phage, as determined by two tailed paired *t* test). The results for WT phage in this Figure derive from data shown in [Fig. 1](#fig1){ref-type="fig"}; these data were included here to facilitate comparison of the efficiency of phage-mediated gene transfer between Tpell-SA phage, Tpell phage and unmodified WT phage.

We plan to conduct followup studies to identify the mechanistic basis for the enhanced gene transfer efficiency of the Tpell-bearing phage, and to determine whether the Tpell-bearing phage can mediate more efficient gene transfer *in vivo*, when compared to the wild-type phage. In the context of the present series of experiments, however, the availability of this reagent provided us with a second luciferase-expressing phage that we used to confirm results obtained with wild-type phage particles, and that also allowed us to more efficiently transduce otherwise recalcitrant COS cells.

In our next set of experiments, we tested whether the proteasome inhibitors could enhance phage-mediated gene transfer in a second cell type. We selected COS cells for these experiments, since they have been used in previous studies on phage-mediated gene delivery ([@bib20]). In COS cells, MG132 had little or no effect on gene transfer efficiency, but bortezomib and lactacystin both enhanced luciferase expression by 2--4 fold ([Fig. 3](#fig3){ref-type="fig"} ).Fig. 3Proteasome inhibitors enhance phage-mediated gene transfer in COS cells. Luciferase-encoding lambda phage particles were generated, displaying either a wild-type major coat protein, gpD (WT) or a modified form of gpD ("Tpell"). Phage particles were then added to COS cells at a MOI of 1 × 10^6^, and cells were incubated in the presence of the proteasome inhibitors, lactacystin (3 µM), bortezomib (10 nM) or MG132 (1 µM) as described in the legend to [Fig. 1](#fig1){ref-type="fig"}. 16 h later, the cells were washed, and the culture medium was replaced with medium that did not contain proteasome inhibitors. 48 h following addition of phage, the cells were harvested and lysed, and luciferase activity was measured. Exposure of cells to the various proteasome inhibitors enhanced phage-mediated luciferase gene expression. This result achieved statistical significance for the Tpell phage, indicated by the asterisk, in the case of bortezomib (one way ANOVA; *p* value \< 0.05, when comparing bortezomib treated cells to the untreated control cells); a strong trend is also apparent for MG132 and lactacystin.

The differential activity of the various proteasome inhibitors in 293 versus COS cells can likely to attributed, at least in part to the fact that the proteasomal inhibitors used in our experiments (lactacystin, MG132 and bortezomib) possess varying levels of inhibitory activity against the different six known active sites in the proteasome (two of which have a chymotrypsin-like specificity, two of which are caspase-like and two of which have trypsin-like specificity; ([@bib32])). These differences are summarized in [Table 1](#tbl1){ref-type="table"} , and may influence the activity of the proteasomal inhibitors in different cell types (293 versus COS cells) as well as their ability to inhibit cleavage of specific proteasomal substrates ([@bib32]). However, it is important to note that the overall trend in all of our experiments is the same. Thus, all of the proteasome inhibitors that were tested enhanced phage-mediated gene delivery to some extent (in some cases, to a degree that achieved statistical significance, and in other cases, to a degree that did not so).Table 1Specificity of proteasomal inhibitors used in this studyCompound[a](#tblfn1){ref-type="table-fn"}Reversible?Inhibition of active sites Ki (nM)Other intracellular targets (IC~50~)Chymotrypsin-likeTrypsin-likeCaspase-likeLactacystinN[b](#tblfn2){ref-type="table-fn"}194104.2Cathepsin A, TPPII[c](#tblfn3){ref-type="table-fn"}MG132Y2--42760900Calpain, CathepsinsBortezomibY0.62N.A.N.A.None[^1][^2][^3][^4]

Inhibition of proteasome activity is known to prevent degradation of cellular proteins, and can exert a strong effect on the activity of cellular transcription factors, such as NFκB ([@bib11], [@bib50], [@bib66]). We therefore performed a control experiment to determine whether proteasome inhibition might exert an effect on luciferase expression from a non-phage based gene transfer agent containing the same luciferase expression cassette present in the genome of our lambda phage vectors. For this experiment, 293 cells were transiently transfected with a plasmid containing the firefly luciferase reporter gene under the transcriptional control of the human CMV major immediate-early promoter (pCMV:luc); cells were then incubated in the presence or absence of bortezomib, prior to harvest and analysis of luciferase activity in cell lysates. As shown in [Fig. 4](#fig4){ref-type="fig"} , bortezomib had no effect on luciferase expression in pCMV:luc transfected 293 cells. This strongly suggests that proteasome inhibitors enhance gene transfer efficiency by phage vectors not because of effects on gene expression/promoter activity, but rather through effects on the intracellular degradation or trafficking of phage particles ([@bib16], [@bib17], [@bib31], [@bib67]).Fig. 4Bortezomib does not enhance luciferase expression from a plasmid vector encoding an identical luciferase expression cassette. 293 cells were transiently transfected with a DNA plasmid containing the same combination of luciferase reporter gene and CMV promoter present in the genome of our bacteriophage constructs. Cells were transiently transfected with this plasmid DNA using Lipofectamine, and were maintained in the presence or absence of bortezomib (10 nM) for 16 h. Cells were then washed, and returned to normal medium. 48 h following addition of plasmid, the cells were harvested and lysed, and luciferase activity was measured. Exposure of cells to bortezomib had no effect on plasmid-mediated luciferase gene expression.

Inhibition of endosomal acidification did not enhance phage-mediated gene transfer {#section0020}
----------------------------------------------------------------------------------

Many animal viruses enter the cell through an endocytic pathway, and infection of cells by these viruses can be strongly influenced by endosomal pH ([@bib33], [@bib43], [@bib63]). To investigate the role of endosome acidification in phage-mediated gene transfer, we conducted initial experiments using bafilomycin A1, a specific inhibitor of the vacular H+-ATPases. As shown in [Fig. 5](#fig5){ref-type="fig"}A, bafilomycin had no effect on phage-mediated gene transfer in either 293 or COS cells. To confirm that the concentrations of bafilomycin used were sufficient to raise endosomal pH, we performed a control experiment in which FITC-dextran-tetramethylrhodamine was added to 293 cells in the presence or absence of bafilomycin A1, and endosomal pH was then assessed by flow cytometry. As shown in [Fig. 5](#fig5){ref-type="fig"}B, treatment of the cells with 500 nM bafilomycin A1 was sufficient to raise endosomal pH. Thus, the lack of an effect of bafilomycin A1 on phage-mediated gene transfer efficiency cannot be attributed to a failure of this agent to inhibit endosomal acidification.Fig. 5Bafilomycin A fails to enhance phage-mediated gene transfer, despite effectively raising endosomal pH. (A) 293 or COS cells were incubated with luciferase-encoding Tpell phage at a MOI of 1 × 10^6^. Bafilomycin A was added to the culture medium at the indicated doses. 24 h later the cells were washed, and placed in medium lacking the drug. 48 h following addition of phage, the cells were harvested and lysed, and luciferase activity was measured. Exposure of cells to bafilomycin A had no effect on phage-mediated luciferase gene expression. (B) 293 cells were pulsed with medium containing fluorescein (F) and tetramethylrhodamine (T) dextran in the presence or absence of bafilomycin A for 1.5 h. Cells were washed and fresh media was added with or without drug. 2 h later, cells were washed, trypsinized and resuspended in fresh media for flow cytometric analysis of F and T fluorescence; the ratio of T (pH sensitive) to F (pH insensitive) fluorescence was then calculated ([@bib61]).

Other endosomotropic agents also failed to enhance phage-mediated gene transfer, except for high concentrations of chloroquine.

To confirm the results obtained with bafilomycin A1, followup studies were performed using additional endosomotropic agents. These included: (i) omeprazole, an inhibitor of proton pump H+--K+ATPases; (ii) brefeldin A, an inhibitor of early-to-late endosome transition; and (iii) chloroquine, a lysosomotropic agent that accumulates in acidic endosomes to increase endosomal pH. Of these three endosomotropic drugs, only chloroquine enhanced phage-mediated gene transfer ([Fig. 6](#fig6){ref-type="fig"}A).Fig. 6Other endosomotropic agents also fail to enhance phage-mediated gene transfer, with the exception of high concentrations of chloroquine. (A) 293 or COS cells were incubated with luciferase-encoding Tpell phage at a MOI of 1 × 10^6^. The indicated endosomotropic drugs were added to the culture medium at doses of 50 µM (omeprazole), 500 ng/ml (brefeldin A) and 50 µM or 70 µM (chloroquine) for 293 and COS cells, respectively. 24 h later the cells were washed, and placed in medium lacking the endosomotropic drugs. 48 h following addition of phage, the cells were harvested and lysed, and luciferase activity was measured. Exposure of cells to omeprazole or brefeldin A had no effect on phage-mediated luciferase gene expression. In contrast, treatment of cells with high concentrations of chloroquine resulted in a statistically significant enhancement of phage-mediated gene transfer (the asterisk denotes *p* \< 0.05, when compared to untreated cells, as determined by one-way ANOVA with Tukey\'s post-test). (B) 293 cells were incubated with luciferase-encoding Tpell phage at a MOI of 1 × 10^6^. Chloroquine was added to the culture medium at the indicated doses. 24 h later the cells were washed, and placed in medium lacking the drug. 48 h following addition of phage, the cells were harvested and lysed, and luciferase activity was measured. Exposure of cells to a high dose of chloroquine resulted in a statistically significant enhancement of phage-mediated gene transfer (the asterisk denotes *p* \< 0.05, when compared to untreated cells, as determined by one-way ANOVA with Tukey\'s post-test).

Since this experiment used a high dose of chloroquine (50 or 70 µM, respectively, in 293 or COS cells), we conducted a followup analysis to examine the dose--response effect associated with chloroquine treatment. The results of this study ([Fig. 6](#fig6){ref-type="fig"}B) showed that phage-mediated luciferase expression was significantly enhanced only when cells were incubated with a high concentration of chloroquine (50 µM). Lower concentrations of chloroquine, including concentrations that are typically sufficient to prevent endosomal acidification, had only a modest and non-statistically significant effect on phage-mediated gene transfer ([Fig. 6](#fig6){ref-type="fig"}B).

In light of these data, we hypothesized that high concentrations of chloroquine might enhance phage-mediated gene transfer through a mechanism unrelated to the inhibition of endosome acidification. One such mechanism is the inhibition of intracellular protein degradation and activity of lysosomal proteases (cathepsins) ([@bib62]).

Endosomal protease inhibitors enhanced phage gene transfer {#section0025}
----------------------------------------------------------

We evaluated whether inhibitors of cathepsin B and cathepsin L (catB, catL) could promote phage gene transfer in HEK 293A cells. As shown in [Fig. 7](#fig7){ref-type="fig"} , inhibition of either catB or catL alone led to an increase in phage-mediated luciferase expression. This result did not, however, achieve statistical significance. In contrast, simultaneous inhibition of both cathepsins led to a robust, statistically significant increase in phage-mediated gene transfer. This observation is consistent with our hypothesis that lysosomal proteases target incoming phage particles for degradation, and thereby limit the efficiency of phage-mediated gene transfer in mammalian cells.Fig. 7Inhibitors of endosomal proteases enhance phage-mediated gene transfer. 293 cells were incubated with luciferase-encoding WT or Tpell phage at a MOI of 1 × 10^6^. The indicated drugs were added to the culture medium at doses of 10 µM (CA-074, cathepsin B inhibitor; CatB), 10 µM (cathepsin L inhibitor III; CatL), 10 µM and 10 µM (CA-074, cathepsin B inhibitor plus cathepsin L inhibitor III, respectively; CatB + L). 16 h later the cells were washed, and placed in medium lacking the drugs. 48 h following addition of phage, the cells were harvested and lysed, and luciferase activity was measured. Exposure of cells to CatB or CatL inhibitors alone resulted in a modest increase in phage-mediated luciferase gene expression (that did not achieve statistical significance). In contrast, treatment of cells with a combination of the CatB and the CatL inhibitor resulted in a statistically significant enhancement of phage-mediated gene transfer (the asterisk denotes *p* \< 0.05, when compared to untreated cells, as determined by one-way ANOVA with Tukey\'s post-test).

To examine this hypothesis further, followup experiments were performed in which cells were exposed to luciferase-encoding phage particles in the presence or absence of lysosomal protease inhibitors either alone, or in combination with (i) a proteasome inhibitor (bortezomib) or (ii) chloroquine (at a high concentration, expected to result in inhibition of lysosomal proteases). As shown in [Fig. 8](#fig8){ref-type="fig"} , the endosomal protease inhibitors synergized with the proteasome inhibitor (bortezomib) to enhance phage-mediated luciferase expression in 293 cells. This observation is consistent with the hypothesis that proteasomal inhibitors and endosomal protease inhibitors enhance the efficiency of phage-mediated gene transfer via distinct mechanistic pathways. In contrast, exposure of cells to a high concentration of chloroquine (CHQ) resulted in a strong and statistically significant increase in phage-mediated luciferase expression that was not further enhanced by co-treatment with lysosomal protease inhibitors ([Fig. 8](#fig8){ref-type="fig"}). This finding further reinforces our hypothesis that chloroquine enhances phage-mediated gene transfer principally via inhibition of lysosomal proteases. The fact that high dose chloroquine exerted a much stronger effect on phage-mediated gene transfer than inhibition of the two cathepsins (catB plus catL) is most likely a reflection of the fact that CHQ may inhibit other lysosomal proteases in addition to catB and catL.Fig. 8Inhibitors of endosomal proteases synergize with a proteasome inhibitor to enhance phage-mediated gene transfer. 293 cells were incubated with luciferase-encoding Tpell phage at a MOI of 1 × 10^6^. The indicated drugs were added to the culture medium at doses of 10 µM (CA-074, cathepsin B inhibitor; CatB), 10 µM (cathepsin L inhibitor III; CatL), 10 µM and 10 µM (CA-074, cathepsin B inhibitor plus, cathepsin L inhibitor III, respectively; CatB + L), 10 nM (bortezomib; bort.), 50 µM (chloroquine; CHQ); in some cases (as indicated), cells were also exposed to combinations of these agents (e.g., CaB/L + Bort., CHQ + Bort.). 16 h later the cells were washed, and placed in medium lacking the drugs. 48 h following addition of phage, the cells were harvested and lysed, and luciferase activity was measured. Exposure of cells to bortezomib alone (Bort.) or to CatB plus CatL inhibitors (CatB/L) alone resulted in a modest increase in phage-mediated luciferase gene expression, while treatment of cells with a combination of these agents (CatB/L + Bort.) resulted in a synergistic and statistically significant enhancement of phage-mediated gene transfer (the asterisk denotes *p* \< 0.001, when compared to untreated cells or cells exposed to either agent alone, as determined by one-way ANOVA with Tukey\'s post-test). Exposure of cells to a high concentration of chloroquine (CHQ) also resulted in a strong and statistically significant increase in phage-mediated gene transfer (*p* \< 0.001, when compared to untreated cells; one-way ANOVA with Tukey\'s post-test). However, cotreatment of cells with CHQ in combination with CatB plus CatL inhibitors did not result in any further increase in luciferase expression, compared to cells exposed to CHQ alone.

Cathepsin L degrades phage capsids *in vitro* {#section0030}
---------------------------------------------

To confirm that cathepsins are capable of degrading phage particles, phage capsids (wild-type and Tpell) were exposed to 0, 50 or 100 ng of purified cathepsin L (catL). After inactivation of catL, the infectivity of the phage particles was determined by titering on *E. coli* host cells. In addition, the integrity of the phage particles was also assessed, by testing whether the phage genomic DNA remained resistant to exogenously added DNase (as would be expected if the phage capsid were still intact and undamaged). The results of these analyses are presented in [Fig. 9](#fig9){ref-type="fig"} .Fig. 9Cathepsin L degrades phage capsids *in vitro*. Phage particles was exposed to 0, 50 or 100 ng of purified cathepsin L (catL). After inactivation of catL, the infectivity of the wild type and Tpell phage particles was determined by titering on *E. coli* host cells (A). In addition, the integrity of the phage particles was also assessed, by adding DNase to the catL-exposed phage particles. After DNase treatment, the phage particles were lysed and their DNA content was collected, and subjected to agarose gel electrophoresis. Shown is a photograph of an ethidium bromide (EtBr)-stained gel that was loaded with DNA extracted from equivalent amounts of the indicated phage, following exposure to DNase (B). The results show that incubation with catL resulted in a dose-dependent decline in the infectious titer of the phage (A), and damage to the capsid, resulting in exposure of the phage genomic DNA- and rendering it susceptible to degradation by DNase (B). In panel B, NT denotes "no treatment with catL" and MWM denotes "molecular weight markers". The high molecular weight DNA stained by EtBr represents intact, linear λ phage genomic DNA (approx. 50 kb in length).

[Fig. 9](#fig9){ref-type="fig"}A shows that exposure to catL resulted in a dose-dependent loss of phage viability. At the high dose of catL, there was a \> 95% loss of phage infectivity (infectious titers for wild-type phage particles fell from 5 × 10^9^ PFU to 7 × 10^7^ PFU in preparations exposed to the high dose of catL, while titers for the Tpell phage fell from 1 × 10^9^ PFU to 4 × 10^7^ PFU following exposure to high dose catL). These findings were confirmed by analysis of the DNase-sensitivity of catL-exposed phage capsids. [Fig. 9](#fig9){ref-type="fig"}B shows that phage genomic DNA within catL-treated capsids exhibited a dose-dependent susceptibility to degradation by exogenously added DNase, whereas phage genomic DNA in capsids that were not exposed to catL remained fully resistant to DNase, as expected. Collectively, these findings provide direct evidence that catL is capable of degrading phage capsids.

Proteasome inhibition resulted in increased nuclear accumulation of phage DNA {#section0035}
-----------------------------------------------------------------------------

To understand better how proteasome inhibition might enhance the efficiency of phage-mediated gene transfer, 293 cells were incubated with luciferase-encoding phage vector in the presence or absence of bortezomib, subjected to an acid wash to remove residual surface bound phage, and used to prepare nuclear DNA extracts. Phage genomic DNA within these extracts was then quantitated by DNA PCR analysis, and the results are presented in [Fig. 10](#fig10){ref-type="fig"} (normalized in terms of the number of copies of nuclear phage DNA per cell). The data show that exposure of the cells to the proteasome inhibitor resulted in a statistically significant increase in the nuclear accumulation of phage DNA (*p*  \< 0.01).Fig. 10Exposure of 293 cells to a proteasome inhibitor results in increased accumulation of phage DNA. 293 cells were incubated with luciferase-encoding Tpell phage at a MOI of 1 × 10^6^, in the presence or absence of bortezomib (10 nM). 16 h later the cells were washed, and placed in medium lacking the drug. 24 h following addition of phage, the cells were harvested, fractionated and lysed. Nuclear phage DNA levels were then quantitated by DNA PCR analysis using a TaqMan^®^ primer/probe set specific for the lambda phage integrase gene. Phage DNA levels were normalized to measured levels of cellular DNA (18S rRNA DNA), and are reported here as copies of lambda phage genomic DNA per 293 cell. The analysis was performed in triplicate (three separate wells of cells), and results are presented as the mean of these results; the bars represent the standard error of the mean. Treatment of cells with bortezomib resulted in a statistically significant increase in nuclear accumulation of phage DNA (*p* \< 0.01, when compared to untreated cells; one-way ANOVA with Tukey\'s post-test).

Proteasome inhibitors enhance phage-mediated gene transfer by increasing both the mean level of gene expression per transduced cell, and the overall number of transduced cells {#section0040}
-------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

In a final set of experiments, we evaluated whether proteasome inhibitors enhance phage-mediated gene transfer at the level of the individual transduced cell (by increasing the level of gene expression in each transduced cell) or at the level of the overall cell population (by increasing the number of transduced cells). To perform this analysis, we took advantage of a GFP-encoding phage lysogen, λ(GFP), which encodes the GFP reporter gene under the transcriptional control of the same CMV promoter present in λ(luc) ([@bib20]). GFP-encoding Tpell phage were added to 293 cells in the presence or absence of bortezomib or MG132. The results are presented in [Fig. 11](#fig11){ref-type="fig"} .Fig. 11Proteasome inhibitors enhance phage-mediated gene transfer by increasing both the mean level of gene expression per transduced cell, and the overall number of transduced cells. GFP-encoding Tpell phage were added to 293 cells at a MOI of 1 × 10^6^. The indicated drugs were added to the culture medium at doses of 10 nM (bortezomib; bort.) or 1 µM (MG132). 16 h later the cells were washed, and placed in medium lacking the drugs. 48 h following addition of phage, the cells were harvested and GFP expression was measured by flow cytometric analysis. The analysis was performed in triplicate (three separate wells of cells), and results are presented as the mean percentage of GFP positive cells (A) and the mean fluorescence intensity (MFI) of GFP expression (B). The bars represent the standard error of the mean. Treatment of cells with MG132 resulted in a statistically significant increase in both the percentage of GFP positive cells (⁎⁎; *p* \< 0.01, when compared to untreated cells; one-way ANOVA with Tukey\'s post-test) and the MFI of GFP expression (⁎; *p* \< 0.05, when compared to untreated cells; one-way ANOVA with Tukey\'s post-test). Treatment of cells with bortezomib also resulted in a statistically significant increase in the MFI of GFP expression (⁎⁎; *p* \< 0.01, when compared to untreated cells; one-way ANOVA with Tukey\'s post-test) and a more modest increase in the percentage of GFP positive cells (which did not achieve statistical significance).

The data show that treatment with MG132 resulted in a statistically significant increase in both the percentage of GFP positive cells (1.39 ± 0.046, versus 1.00 ± 0.10 in control cultures) and in the mean fluorescence intensity (MFI) of the GFP positive cells (61.9 ± 3.99, versus 43.9 ± 2.56). Treatment of cells with bortezomib also resulted in a statistically significant increase in the MFI of GFP expression, along with a more modest increase in the percentage of GFP positive cells (which did not achieve statistical significance). We conclude that proteasome inhibitors enhance phage-mediated gene transfer by increasing both the mean level of gene expression per transduced cell, and the overall number of transduced cells.

Collectively, these findings are consistent with our other data, and suggest a model in which proteasome inhibition enhances phage-mediated gene transfer by promoting the intracellular survival of phage particles, thereby allowing a greater number of phage genomes to escape the cytoplasm, penetrate the nucleus and initiate gene expression ([Fig. 12](#fig12){ref-type="fig"} ).Fig. 12Model of lambda phage entry and intracellular transport in mammalian cells. Lambda phage particles likely enter mammalian cells via a non-specific macropinocytotic uptake mechanism ([@bib35]) (A), and enter early endosomes (B). The phage-containing endosomes then either (i) undergo acidification and fusion with lysosomes, resulting in the degradation of phage particles by lysosomal proteases (C) or (ii) undergo lysis or recycling ([@bib16]) (D), resulting in entry of the phage particles into the cytoplasm (E). Inhibition of lysosomal proteases results in stabilization of phage within lysosomes, allowing some phage particles to escape from this compartment and enter the cytoplasm (denoted by the dotted arrow; F). The majority of lambda phage particles within the cytosol undergo proteasomally-mediated degradation (G), but a fraction of the particles successfully uncoat and deliver their genomic payload to the nucleus, resulting in the expression of phage-encoded genes (i.e., the luciferase reporter gene in our vector constructs) (H).

Discussion {#section0045}
==========

Recent studies have revealed that tailed dsDNA bacteriophages and mammalian viruses, including herpesviruses, are related at several levels. This includes shared features in the capsid protein structures of these viruses ([@bib3]), as well as distant sequence homology in genes that encode a genome packaging protein (the putative terminase encoded by the UL-15 open reading frame of HSV-1) ([@bib15]). In addition, the structure of the DNA entry portal protein, and its location at a unique site in the capsid, are also conserved in both tailed dsDNA bacteriophages and herpesviruses ([@bib40]). Collectively, these evolutionary links in capsid structure and genome packaging machinery provide compelling evidence that these two viral lineages share a common origin ([@bib3], [@bib54]).

Interestingly, common architectural features have also been identified in other virus families ([@bib14], [@bib25], [@bib46]), and this has been interpreted as evidence that viruses infecting bacteria and animals share a common ancestor ([@bib4], [@bib6]). The notion that animal viruses may trace their ancestry to bacterial viruses has important evolutionary implications, and leads to questions as to how the initial transfer of viruses between bacteria and eukaryotes may have occurred, and what adaptations were necessary in order for primordial bacterial viruses to successfully infect animal hosts. Our studies on lambda phage mediated gene transduction in mammalian cells were intended, in part, to shed light on these questions.

The ability of bacteriophage lambda to transduce mammalian cells ([@bib13], [@bib20], [@bib23], [@bib35], [@bib36], [@bib38], [@bib70], [@bib71]) also suggests that bacteriophage vectors may have utility in the context of human vaccine delivery and gene transfer. The attractiveness of this approach is underscored by the fact that bacteriophages possess a long history of safe human use ([@bib9], [@bib55]), even in immuno-compromised persons ([@bib5], [@bib37], [@bib41]), and that phage vectors are physically robust, easy and cheap to produce, and lack inherent pathogenicity for mammalian hosts. We therefore performed a series of experiments, to elucidate rate-limiting steps that restrict the efficiency of bacteriophage lambda-mediated gene transfer in mammalian cells.

Our experiments revealed that inhibition of the proteasome and of lysosomal proteases resulted in more efficient phage-mediated gene transfer. The proteasome has also been implicated in regulating infection by many mammalian viruses, both positively and negatively. In some cases, such as minute virus of mice (MWM) and reovirus, proteasomal activity has been shown to be necessary for efficient virus infection of target cells ([@bib12], [@bib48], [@bib47]). In other cases, proteasomal activity has been found to inhibit virus infection--- as exemplified by human immunodeficiency virus type-1 (HIV-1) and adeno-associated virus (AAV) ([@bib17], [@bib29], [@bib52], [@bib58], [@bib65], [@bib68]). The fact that proteasomal activity also restricted phage-mediated gene transfer suggests a previously unappreciated similarity in the post-entry events that regulate cellular transduction by bacteriophage vectors and mammalian viral vectors such as AAV. It remains uncertain, however, whether proteasomal inhibition promotes the efficiency of phage-mediated gene transfer because its interferes with proteasomally-mediated degradation of intracellular phage particles or because it alters their intracellular trafficking, perhaps shunting them from late to recycling endosomes ([@bib16], [@bib31]). Further studies will be necessary to resolve this question.

We also conducted experiments to examine the role of lysosomal proteases in regulating mammalian cell transduction by our lambda phage vectors. Lysosomal proteases degrade exogenous proteins that have entered the cell through the endosomal pathway ([@bib37], [@bib62]), and might be expected to mediate the destruction of intracellular viruses. In fact, however, many animal viruses have successfully usurped these enzymes, and exploit them in their life cycle. Examples include AAV, coronaviruses (including the causative agent of SARS), filoviruses (such as Ebola virus), reoviruses and retroviruses (human immunodeficiency virus type-1) ([@bib1], [@bib10], [@bib19], [@bib24], [@bib28], [@bib39], [@bib42], [@bib44], [@bib51], [@bib53]). All of these viruses rely on lysosomal proteases to facilitate their uncoating and/or to activate viral fusion proteins ([@bib1], [@bib10], [@bib19], [@bib24], [@bib28], [@bib39], [@bib42], [@bib44], [@bib51], [@bib53]). In contrast to these animal viruses, inhibition of the lysosomal proteases cathepsin B and cathepsin L resulted in more efficient cellular transduction by bacteriophage lambda. This indicates that lysosomal proteases negatively regulate the transduction of mammalian cells by phage lambda, presumably because they degrade internalized phage particles that are unable to escape the endolysosomal compartment. Consistent with this, direct exposure of lambda phage capsids to purified cathepsin L resulted in a significant decrease in phage infectivity, and loss of capsid integrity ([Fig. 9](#fig9){ref-type="fig"}). It is therefore interesting to note that MG132, in addition to inhibiting the 26S proteasome complex, also inhibits cathepsins ([@bib34]); it is possible that this may contribute to its potent effects on phage-mediated gene transfer ([Fig. 1](#fig1){ref-type="fig"}, [Fig. 2](#fig2){ref-type="fig"}). The hypothesis that lysosomal proteases degrade intracellular lambda phage particles is consistent with the synergistic effect of proteasome plus lysosomal protease blockade on phage-mediated gene transfer ([Fig. 8](#fig8){ref-type="fig"}) and suggests that it may be possible to use pharmacologic methods to significantly enhance the efficiency of phage-mediated gene expression in mammalian cells and tissues.

In contrast to the proteasome and lysosomal proteases, endosomal acidification had minimal effect on the efficiency of gene transduction by our lambda phage vectors. The sole endosomotropic agent that had any significant effect on phage-mediated luciferase expression was chloroquine, when used at a high concentration previously shown to result in the inhibition of lysosomal proteases ([@bib62]). Presumably, endosomal acidification has little direct effect on lambda phage-mediated gene transfer because the lambda phage particle is very stable, and resistant to prolonged (24 h) exposure to acid or alkali (pH 3 to 11) ([@bib30]).

Overall, our findings demonstrate that the proteasome complex and lysosomal proteases each impose a rate-limiting constraint on the efficiency of lambda phage-mediated gene transfer in mammalian cells ([Fig. 12](#fig12){ref-type="fig"}), while endosomal acidification exerts no effect on this process. This suggests that the proteasome complex, in addition to its role in regulating host cell protein turnover and antigen processing, may also serve as an innate defense mechanism that restricts the infection of mammalian cells by diverse viral agents capable of penetrating the plasma membrane, including prokaryotic viruses such as bacteriophage lambda.

Materials and methods {#section0050}
=====================

Preparation of bacteriophage lambda lysogens and vector production {#section0055}
------------------------------------------------------------------

The λD1180(luc) lysogen (*Dam15 del EcoRI-SacI cIts857 nin5 Sam100*) was provided by Dr. Mahito Nakanishi ([@bib20]). The λD1180(luc) phage contains a firefly luciferase reporter gene under the regulatory control of the human cytomegalovirus immediate-early promoter. λD1180(luc) phage particles were prepared from *E. coli* lysogens that were stably transformed with either a plasmid encoding wild-type gpD or plasmids encoding gpD fusion proteins of interest, as described ([@bib69]). λ(luc) particles were purified by CsCl density gradient centrifugation and titered on LE392 *E. coli* cells ([@bib69]).

Cells lines and phage transduction {#section0060}
----------------------------------

Human 293 cells and simian COS cells were obtained from ATCC. Cells were cultured in Dulbecco\'s Modified Eagle\'s Medium (DMEM) containing 10% fetal bovine serum and 2 mM [l]{.smallcaps}-glutamine. For phage transduction experiments, 1 × 10^4^ cells were seeded into 96-well plates. After overnight incubation, phage were added at a multiplicity of infection (MOI) of 10^6^ (in the presence or absence of drugs, as appropriate). 16 h (293 cells) or 24 h (COS cells) thereafter, cells were washed with phosphate buffered saline (PBS) and fresh drug-free media was added. 48 h after the addition of phage, cells were washed in PBS and lysed in passive lysis buffer (Promega). Protein content in the lysates was quantitated by Bradford assay, and equal amounts of lysate (normalized in terms of protein content) were used in luciferase assays. Luciferase assay data are reported in relative light units.

Transient transfection of cells with plasmid DNA {#section0065}
------------------------------------------------

1 × 10^4^ human 293 cells were seeded into 96-well plates and incubated overnight. Cells were then transfected with 50 ng of a mammalian expression plasmid encoding the luciferase reporter gene (pgWiz-CMV luciferase) using Lipofectamine-2000 reagent in the presence or absence of 10 nM bortezomib. 4 h thereafter, media was removed and fresh media was added (with or without bortezomib). Cells were incubated for an additional 12 h, and media was again replaced (this time without any exogenous drug). 48 h after transfection of the cells, they were washed with PBS, incubated in 1× passive lysis buffer (Promega) and lyzed using two freeze--thaw cycles. Protein content within the lysates was then quantitated using Bradford assay and equal amounts of lysate (normalized in terms of protein content) were used in luciferase assays. Luciferase assay data are reported in relative light units.

Measurement of endosomal pH {#section0070}
---------------------------

5 × 10^5^ human 293 cells were preincubated in DMEM medium with 10% FBS (DMEM-10) overnight, after which the medium was replaced by DMEM-10 containing 2 mg/ml 70 kD fluorescein and tetramethylrhodamine dextran (Invitrogen) plus either 100 nM or 500 nM bafilomycin A1 (BAF) or 2mg/mL of nigericin (positive control) or no drug (negative control). 1.5 h later, cells were washed in warm PBS and fresh media was added (with or without BAF or nigericin, as appropriate). 2 h thereafter, cells were again washed with warm PBS, detached by trypsinization, washed with fresh media (with or without BAF or nigericin, as appropriate), and pelleted by centrifugation (5 min, 1000 *g* at 4 °C). Fluorescein (F) and tetramethylrhodamine (T) fluorescence were quantitated by flow cytometric analysis using a FACS Calibur (Becton Dickinson). A standard curve was generated by suspending aliquots of cells (in the presence of 2 mg/ml of nigericin) in PBS at pH 4, 4.4, 5, 5.4, 6 and 6.4. The ratio of T/F fluorescence was then plotted against pH, to generate a standard curve; data from the bafilomycin-treated and non-treated cells were extrapolated to this curve, in order to calculate endosomal pH.

Phage treatment with cathepsin L {#section0075}
--------------------------------

Phage particles were incubated in SM buffer in the presence or absence of escalating concentrations of cathepsin L (50 or 100 ng; Calbiochem) at 37 °C for 30 min. Cathepsin L was then heat-inactivated by incubation at 65 °C for 30 min (this heat-exposure has no effect on the stability or infectivity of λ phage particles; ([@bib30])). An aliquot of the sample was then removed and titered on *E. coli* host cells, while the remaining material was exposed to DNase, to assess capsid integrity. To do this, concentrated DNase buffer (Invitrogen) was added to the phage-containing sample, to bring it to a final concentration of 1× DNase buffer. 10 U DNase was then added, and the sample was incubated for 30 min at 37 °C.

If phage capsids were fully or partially degraded by cathepsin L, the phage genomic DNA should be digested by this treatment; in contrast, the DNA content of intact phage capsids should be completely resistant to degradation by DNase ([@bib35]). The DNase was then proteolytically inactivated by incubation with proteinase K (20 mg/ml final concentration) for 30 min at 50 °C. This digestion was also intended to degrade the phage capsid, and to release the encapsided phage DNA, which was then extracted with phenol--chloroform, precipitated with ethanol and analyzed by electrophoresis on a 0.5% agarose gel.

Quantitative analysis of intranuclear lambda phage genomic DNA {#section0080}
--------------------------------------------------------------

293 cells were incubated with phage lambda at a MOI of 10^6^ in the presence or absence of 10 nM bortezomib. 16 h later, media was replaced with bortezomib-free DMEM (10% FBS); 24 h thereafter, cells were washed with cold PBS and non-internalized phage particles were removed by performing 3 cold acid washes (0.2 M CH~3~COOH, 0.5 M NaCl, pH 2.5), as described ([@bib35]). Cells were then washed once more in PBS, trypsinized, pelleted by centrifugation (5 min, 1000 *g* at 4 °C) and washed again in cold PBS prior to suspension in lysis buffer (genomic DNA extraction kit; Qiagen, Valencia, CA). The nuclear cell fraction was separated by centrifugation, according to the manufacturer\'s instructions, and extracted in nuclear lysis buffer in the presence of proteinase K and RNAse A at 50 °C for 1 h. DNA was then extracted using a 20/G genomic DNA extraction kit (Qiagen). Phage genomic DNA in the nuclear lysate was quantitated by DNA qPCR analysis on a BioRad iCycler using a TaqMan® primer/probe set specific for the lambda phage integrase gene (Probe: FAM-5^/^-TTGCCTCTCGGAATGCATCGCTCA-3^/^-TAMRA, Forward---5^/^-GTATTCGTCAGCCGTAAGTC-3^/^, Reverse---5^/^-GCGTCAGCCAAGTTAATCAG-3^/^). Cellular chromosomal DNA in the nuclear lysate was also quantitated by DNA qPCR analysis using a TaqMan® primer/probe set specific for the 18S ribosomal RNA gene (Probe: FAM-5^/^-TGCTGGCACCAGACTTGCCCTC-3^/^-TAMRA, Forward---5^/^-CGGCTACCACATCCAAGGAA-3^/^, Reverse---5^/^-GCTGGAATTACCGCGGCT-3^/^). The calculated copy number of nuclear lambda phage DNA was then normalized to the copy number of 18S cellular DNA, and results were expressed as the number of copies of lambda phage DNA per cell.

Flow cytometric analysis of phage-mediated transduction {#section0085}
-------------------------------------------------------

In some experiments, 293 cells were transduced with GFP-encoding phage \[λ(GFP)\] bearing the Tpell-modified capsid. The GFP expression cassette used for these experiments is under the transcriptional control of the same CMV promoter that is contained in λ(luc) ([@bib20]). Cells were exposed to phage at a MOI of 10^6^ in the presence or absence of 10 nM bortezomib or 1 µM MG132 in DMEM with 10% FBS. 16 h later, media was replaced with drug-free DMEM (10% FBS). 48 h after addition of phage, the cells were washed with PBS, trypsinized, and pelleted by gentle centrifugation. The cells were then resuspended in DMEM with 10% FBS, plus 4% formaldehyde, and subjected to flow cytometric analysis using a FACScalibur (Becton-Dickinson).

Statistical analysis {#section0090}
--------------------

All Figures show results that are representative of at least three separate experiments with similar results, except for [Fig. 9](#fig9){ref-type="fig"} (which was repeated twice). Data represent mean values of analyses performed in triplicate (unless otherwise indicated), and error bars denote the standard error of these means. Statistical significance was taken at *p*  \< 0.05, and was calculated using one-way ANOVA with Tukey\'s post test, unless otherwise indicated.
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[^1]: N.A.: No activity.

[^2]: Information in this Table is taken from ([@bib32]).

[^3]: Mammalian cells are impermeable to lactacystin. It forms a β-lactone in tissue culture media, which rapidly enters cells. While considered an irreversible inhibitor, the proteasomal β-lactone adduct is slowly hydrolyzed with water- resulting in restoration of proteasomal activity.

[^4]: TPPII = tripeptidyl peptidase II (a cytosolic protease).
